We have studied neutron-rich calcium isotopes in terms of the shell model employing a realistic effective interaction derived from the CD-Bonn nucleon-nucleon potential. The short-range repulsion of the potential is renormalized by way of the V low−k approach. The calculated results are in very good agreement with the available experimental data, thus supporting our predictions for the hitherto unknown spectra of 53−56 Ca nuclei. In this context, the possible existence of an N =34 shell closure is discussed.
I. INTRODUCTION
Calcium isotopes with mass number A > 48 are currently the subject of great experimental and theoretical interest. With an N/Z ratio > 1.4 they lie far from the stability valley and provide good opportunity to explore the evolution of shell structure when approaching the neutron drip line. In this context, it should be mentioned that the appearance of N = 34 as a neutron magic number for unstable nuclei was predicted more than three decades ago within the framework of the energy density formalism [1] . Recently, some shell-model calculations [2, 3] have revived this issue indicating the existence of a large shell gap at N = 34. As a consequence, a large number of experiments have been performed in the region of neutron-rich nuclei around 48 Ca [4, 5, 6, 7, 8, 9, 10, 11, 12, 13] , aiming at obtaining information about the evolution of the single-particle (SP) orbitals.
The experimental data on Ti and Cr isotopes do not evidence such a shell closure [6, 14, 15, 16] , even if it should be noted that the proton-neutron interaction, due to the presence of valence protons in the pf -shell, may hide the neutron shell structure. Consequently, a major experimental issue is currently the spectroscopic study of 53,54 Ca, since it may provide direct and unambigous information about the existence of an N =34 shell closure.
The microscopic theoretical tool to describe the spectroscopic properties of these nuclei is the shell model, which in recent years has been extensively used with different two-body effective interactions. The most frequently employed interactions are the KB3G [17] , FPD6 [18] , GXPF1 [19] , and a new version of the latter dubbed GXPF1A [3] . The KB3G potential is a monopolecorrected version of the realistic Kuo-Brown interaction derived some 40 years ago for the pf -shell nuclei [20] , while the FPD6 potential has been derived starting from a modified surface one-boson-exchange potential and then fitting 61 energy data from 12 nuclei in the mass range 41 to 49 [18] . The GXPF1 potential has been obtained starting from a G-matrix interaction based on the Bonn C nucleon-nucleon (N N ) potential [21] and then modifying the two-body matrix elements (TBME) to fit about 700 energy data in the mass range A = 47 − 66 [19] . These TBME have been recently slightly modified to improve the description of neutron-rich pf -shell nuclei [3] , thus leading to the GXPF1A interaction.
The above semi-empirical approaches to the derivation of the effective shell-model interaction have been considered a necessary remedy for the deficiencies of the original realistic interactions [22] . During the past few years, however, significant progress has been made in the derivation of realistic shell-model effective interactions. This is based on the advent of a new generation of highprecision N N potentials and on a new way to renormalize their strong short-range repulsion, the V low−k approach [23, 24] , which has proved to be an advantageous alternative to the traditional Brueckner G-matrix method. This has led to the derivation of effective interactions capable of describing with remarkable accuracy the spectroscopic properties of nuclei in various mass regions [25, 26, 27] .
On these grounds, we have found it challenging to perform a shell-model study of the Ca isotopic chain employing an effective interaction derived from the CD-Bonn potential renormalized by way of the V low−k approach.
The aim of the present study is twofold. First, to ascertain if our effective interaction does not suffer from the deficiences that have plagued previous realistic effective interactions. Second, if the answer is in the affirmative, to investigate the shell structure of neutron-rich Ca isotopes.
The paper is organized as follows. In Sec. II we give a brief outline of our calculations and some details about the choice of the SP energies. Sec. III is devoted to the presentation of the results for the calcium isotopes beyond 48 Ca up to A=56. In Sec. IV we discuss our results, focusing attention on the N =34 isotope, and make some concluding remarks. In the Appendix the calculated TBME, the employed SP energies, and the effective single-particle matrix elements of the quadrupole operator E2 are reported.
II. OUTLINE OF CALCULATIONS
Our shell-model effective interaction has been derived within the framework of the perturbation theory [27] starting, as mentioned in the Introduction, from the CDBonn N N potential [28] . More explicitly, we have first renormalized the high-momentum repulsive components of the bare N N potential by way of the so-called V low−k approach [23, 24] , which provides a smooth potential preserving exactly the onshell properties of the original N N potential. Next, we have derived the TBME using the well-knownQ-box plus folded-diagram method [27] , where theQ-box is a collection of irreducible valencelinked Goldstone diagrams which we have calculated through third order in the V low−k .
The effective interaction V eff can be written in an operator form as
where the integral sign represents a generalized folding operation, andQ ′ is obtained fromQ by removing terms of first order in V low−k . The folded-diagram series is summed up to all orders using the Lee-Suzuki iteration method [29] .
The model space we have chosen to derive our shellmodel effective interaction is spanned by the four neutron SP levels 0f 7/2 , 0f 5/2 , 1p 3/2 , and 1p 1/2 , located above the doubly-closed 40 Ca core. The same choice has been performed in most of the studies on neutron-rich Ca isotopes, and therefore it allows a direct comparison between our results and those of other shell-model calculations.
As regards the choice of the neutron SP energies, we have determined them by reproducing the observed energies of the ( 
− ) 2 states in 49 Ca, whose SP nature is evidenced by the experimental spectroscopic factors [30] . Our adopted values are ǫ 3/2 − ǫ 7/2 = 2.7 MeV, ǫ 1/2 − ǫ 7/2 = 5.5 MeV, and ǫ 5/2 − ǫ 7/2 = 8.5 MeV. The absolute energy of the neutron 0f 7/2 orbital was placed at -8.2 MeV, in order to reproduce the experimental binding energy of 49 Ca with respect to 40 Ca. The TBME and SP energies used in the present calculation can be found in the Appendix where, for the sake of completeness, also the proton-proton and protonneutron TBME are reported. It should be pointed out that for protons the Coulomb force has been explicitly added to the V low−k before constructing V eff .
III. RESULTS
We have performed shell-model calculations, using the Oslo shell-model code [31] , for the heavy-mass calcium isotopes from 49 Ca up to 56 Ca. The calculated and experimental [9] positive parity states of 50 Ca are reported in Table II , we see that our calculations reproduce quite well the observed energies.
As regards the structure of the states, we find that the four lowest excited 2 + states are dominated by the con-
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The nucleus 52 Ca is the last one of this isotopic chain for which a few experimental excited states have been observed [7, 8, 9] . Its energies are reported in Table IV together with the calculated ones up to 5 MeV. Note that the neutron binding energy for 52 Ca is about 4.7 MeV [37] . 
2.402
The jump in energy of the first excited 2 + state, when going from 50 Ca to 52 Ca, reflects the subshell filling of the 1p 3/2 orbital. In fact, to construct the 2 + 1 state in 52 Ca a pair of neutrons in the 1p 3/2 orbital has to be broken and one neutron promoted to the 1p 1/2 SP level.
For the heavier Ca isotopes 53,54,55 Ca, only the ground states have been identified with spin and parity assignment [10] . In Tables V,VI, VII we have reported our predicted spectra for the three nuclei up to 4.0 MeV excitation energy. [30] and calculated excitation energies of the yrast J π = 2 + states for calcium isotopes from A = 42 to 56. Black diamonds refer to present calculations, blue squares to those with GXPF1A potential.
IV. DISCUSSION AND CONCLUDING REMARKS
Shell-model effective interactions derived from the free N N potential were proposed for the pf -shell in Refs. [20, 21] . It has been shown, however, that while these interactions give a good description of the spectroscopy of few-valence-nucleon systems, they fail for many-valenceparticle nuclei. This is evidenced by the poor description of the closure properties of 48 Ca and 56 Ni [21, 38] , and justifies the use of empirically modified versions of these interactions in this mass region.
As mentioned in the Introduction, our realistic effective interaction is based on recent progress achieved in its derivation, and the good agreement of our results with the available experimental data seems to testify to its reliability. This is further confirmed by the inspection of Fig. 1 , where the experimental excitation energies of the yrast 2 + state are reported as a function of A, and compared with those calculated with both our shell-model hamiltonian and the GXPF1A one. It can be seen that our calculations reproduce nicely the observed energies of the first excited 2 + states without any need of monopole modification. The good quality of the T = 1 monopole part of our interaction is also evidenced in Fig. 2 , where we have plotted the calculated binding energies per valence neutron as a function of A. We see a good agreement with the experimental data along all the isotopic chain, at variance with the Kuo-Brown interaction, whose results are reported for comparison.
We have pointed out in the Introduction that an issue of great interest in the study of heavy-mass calcium isotopes is the possible appearance of the "magic number" N =34. Our results do not provide evidence of this magic number, since they do not predict an increase of the 2 + 1 excitation energy in 54 Ca with respect to 52 Ca. It should be mentioned that calculations performed with the KB3G [39] and FPD6 [17] interactions do not predict a shell closure at N =34, that is instead predicted when using the GXPF1A interaction [3] .
To understand the different behavior of the two theoretical curves of Fig. 1 , it is useful to consider the effective single particle energies (ESPE) for calcium isotopes (see for instance Ref. [40] ).
We recall here that the ESPE are related to the monopole part of the shell-model hamiltonian, thus reflecting the angular-momentum-averaged effects of the two-body interaction for a given nucleus. The ESPE of a level is defined as the one-neutron separation energy of this level, and is calculated in terms of the bare ǫ j and the monopole part of the interaction, ESPE(j) = ǫ j + j ′ V jj ′ n j ′ , where the sum runs on the model-space levels j ′ , n j being the number of particles in the level j and V jj ′ the angular-momentum-averaged interaction In Fig. 3 we report the ESPE of the neutron 1p 1/2 and 0f 5/2 orbits relative to the 1p 3/2 orbit as a function of the neutron number. The appearance of the N =34 magic number is obviously related to the existence of a large gap between the 1p 1/2 and 0f 5/2 orbits. For N =28 the two effective interactions predict almost the same gap of about 2 MeV, but, when adding neutrons, this gap remains essentially unchanged up to N =34 in our calculations, while the GXPF1A interaction predicts that the difference between the two ESPE increases rapidly up to a value of about 3.6 MeV for N =34. These contrasting scenarios for the shell evolution are related to the different T = 1 monopole properties of the two effective interactions. In this connection, it should be pointed out that for the (0f 5/2 1p 3/2 ) configuration the monopole is -0.09 MeV for our interaction, and 0.12 MeV for GXPF1A. For the (0f 5/2 1p 1/2 ) configuration, the present interaction gives a monopole equal to 0.02 MeV, while GXPF1A gives 0.08 MeV.
For the sake of completeness, it should be mentioned that recently new results have been reported from a oneneutron knockout reaction on 56 Ti [12] . These data establish that the ground state of 55 Ti has J π = 1 2
− . However, both shell-model predictions using GXPF1A and our interaction are in agreement with this assignment, showing that it does not help shedding light on the problem of the N =34 shell closure.
We hope that the present work may contribute to the understanding of the shell evolution and nuclear structure properties when moving toward the neutron drip line in the Ca region.
Appendix TABLE A.I: Neutron-neutron TBME (in MeV). They are antisymmetrized and normalized. Table A .I, but for proton-proton TBME. Table A .I, but for proton-neutron TBME. 
